Abstract-The quality of voltage waveform of the parallel connected inverters can be improved by interleaving the carrier signals. However, an additional coupled inductors (CIs) are required to suppress the circulating current between the interleaved VSCs and often connected in a whiffletree configuration. The integration of the line filter inductor and the coupled inductors in a single magnetic component for such systems is proposed. The fundamental frequency component of the flux is confined to the limbs around which the coils are placed, whereas other parts only experiences high frequency flux excitation. As a result, the inductor can be made smaller. The inductor is analyzed and performance is verified by simulation and experimental studies.
I. INTRODUCTION
In many high power applications, the two-level VSCs are normally connected in parallel to meet the high current requirement and often share the common dc-link, as shown in Fig. 1 . The high power VSCs suffer from excessive losses if the switching frequency is increased beyond a few kHz. Due to the limited switching frequency, large passive filter components are generally employed to comply with the stringent power quality requirements. The large passive filter components lead to the increased cost, size and losses. Therefore the efforts should be made to reduce the size of these components. For a given switching frequency, the filtering requirement can be reduced by employing a multilevel VSC.
For the parallel connected two-level VSCs, multi-level voltage waveforms can be achieved by interleaving the carrier signals. As a result of the interleaved carriers, some of the harmonic frequency components present in the switched output voltage of the parallel interleaved legs are phase shifted with respect to each other [1] - [7] . For the parallel connected VSCs, the output voltage of a particular phase is the average of the switched output voltage of all parallel VSC legs of that phase. As a result of the averaging, the contribution of the phase shifted harmonic frequency components of the individual switched output voltages is fully or partially canceled in the resultant voltage [8] . This leads to the reduction in the value of the filter components [9] .
When connected to a common dc-link, the circulating current flows between the parallel VSCs due to the hardware and control asymmetries, as shown in Fig. 1 . The interleaving of the carrier signals further aggravates the already existing problem of the circulating current. This unwanted circulating current increases the losses in both the semiconductor devices and in the passive components and it should be suppressed. An additional inductive filter is often required for this purpose. A Coupled Inductor (CI) can effectively suppress the circulating current by providing magnetic coupling between the parallel interleaved legs of the corresponding phases [1] , [10] - [15] . For the multiple parallel VSCs, the CIs are often connected in a whiffletree configurations, as proposed in [1] . Such arrangement requires two distinct inductive component:
Line filter inductor (L f ) for improving the injected line current quality. 2) CIs for suppressing the circulating current.
The volume of the inductive component can be reduced by integrating both of these functionalities into a single magnetic component. This paper proposes the magnetic integration of the line filter inductor L f and the circulating current filters (which mainly experiences the switching frequency flux excitation) for a four parallel interleaved VSCs. The VSCs are divided into two converter groups and the VSCs carrier signals of the VSCs within each group are shifted by 180
• . The issue of the circulating current and the overview of the existing filtering solutions are briefly discussed in Section II. The proposed integrated inductor is analyzed in Section III. The design of the coupled inductor that is used for circulating current suppression between the two converter groups is discussed in Section IV. The volume reduction achieved by the proposed solution is demonstrated in Section V, by comparing it with the state-of-the-art solution. The functionality of the integrated inductor is verified by performing simulation and experimental studies and the results are presented in Section VI.
II. CIRCULATING CURRENT IN A PARALLEL INTERLEAVED VSCS
The switched output voltages of the parallel legs are phase shifted with respect to each other due to the interleaved carriers. When parallel VSCs are connected to the common dclink, this instantaneous potential difference appears across the closed path and gives rise to the circulating current. The circulating current can be suppressed by introducing sufficiently high inductance in that closed current path. The CI provides magnetic coupling between the interleaved legs of a particular phase and offers high inductance to the circulating current, while its effect on the line current is minimal (considering negligible flux leakage).
The various possible arrangements of the CI is shown in Fig. 2 . Fig. 2(a) shows the magnetic structure of the CI using n parallel limbs for n parallel VSCs. This magnetic structure is asymmetrical, when more than two limbs are used. The symmetry can be achieved by using a whiffletree configuration. The parallel interleaved VSCs with whiffletree configuration is shown in Fig. 3 . Two limb CI is used as a building block and the filter arrangement is shown in Fig. 2(b) . Two interleaved legs of a respective phase are magnetically coupled using the CI (CI H and CI L in Fig. 3 ) and for the four VSCs, two such pairs are also magnetically coupled using the third CI Integrated inductor (CI G ). The proposed integrated inductor, which combines the functionality of the line filter inductor L f and the CI H and the CI L (refer Fig. 2(b) ), is presented in the following Section.
III. INTEGRATED INDUCTOR
The system comprises of four parallel VSCs with the proposed integrated inductor as shown in Fig. 4(a) . All four VSCs share a common dc-link and the carrier signals are symmetrically interleaved, i.e. the carrier signals are phase shifted from each by 90
• . The carrier signals of the VSC1 and VSC3 are phase shifted by 180
• from each other and these two VSCs form the High-Side Converter Group (HSCG). Similarly, VSC2 and VSC4 forms the Low-Side Converter Group (LSCG), with carrier signals phase shifted from each other by 180
• . The proposed integrated inductor is shown in Fig. 5 . The magnetic structure comprises of two cells. The cell is a two limb CI structure and each limb carries a coil with N number of turns. Both of these coils in the cell are wound in the same direction. The limbs are magnetically coupled to each other using the top and the bottom yokes. Intentional air gap is avoided in the cell structure. Out of the two cells, one of the cells magnetically couples the interleaved legs of the respective phases of the HSCG, whereas the other cell belongs to the LSCG. The input terminals of the coils of the high-side cell are connected to the output of VSC1 (a 1 ) and VSC3 (a 3 ) and the output terminals of these coils are connected together to form the common output a H . Similarly, the output of VSC2 (a 2 ) and VSC4 (a 4 ) are connected to the input terminal of the coils of the low-side cell. Whereas, the other end of the coils are connected together to form the common output terminal a L . The winding direction of the coils of the high-side cell is opposite to that of the coils of the low-side cell. The high-side and the low-side cells are magnetically coupled to each other using the bridge legs, as shown in Fig. 5 . The necessary air gaps have been inserted between the cells and the bridge legs. The output terminals of the HSCG and the LSCG are connected to another CI (CI G ), as shown in Fig. 4 
(a).

A. Magnetic Circuit Analysis
The integrated inductor is analyzed in this sub section. Due to the phase symmetry, the analysis is done for one of the phases. The phases a, b, and c are represented by subscript x. For the system shown in Fig. 4(a) , the voltage across the coil x 1 is given as
where L xj x k is the inductance between the jth and the kth coil of the integrated inductor of phase x and I xn is the current flowing through the nth coil of phase x. The simplified reluctance model of the integrated inductor is shown in Fig. 6 . The reluctance of each of the limbs and the yoke of the cell are l and y , respectively. The reluctance of the bridge leg is bl , whereas the reluctance of each of the air gaps is denoted by g . The magneto-motive force of the coil is represented as NI xn .
The flux in each limb is given as
where A is the unit matrix,
where 1 = 2 y , 2 = 4 g + 2 bl , and
. By assuming g is very high compared to the other reluctances in the network and solving the reluctance network, the inductances specified in (1), can be obtained as
Substituting these inductances in (1) gives
Similarly, the voltages across other coils can be given as
The output current of each of the VSCs has a common current component and the circulating current component. The output currents of HSCG and LSCG are given as
Assuming equal current sharing between the VSCs, the common component of each of the VSCs is taken to be the same. Therefore, the output current of the individual VSCs are given as
where I xH,c and I xL,c are the circulating current between the VSCs of the HSCG and the LSCG, respectively. The resultant line current and the circulating current between the high-side and the low-side converter groups are given as
where I x,c is the circulating current between the HSCG and the LSCG and it is suppressed using the CI G .
B. Inductance offered by the integrated inductor
Averaging (8) and (10) gives
similarly, averaging (9) and (11) gives
and using (15) and (16), the voltage drop across the line filter inductor is given as
where
using (17) , the inductance offered to the line current is given as
where μ 0 is the permeability of the free space, l g is the length of the air gap, and A g is the effective cross-section area of the air gap. The switched output voltage difference of VSC1 and VSC3 (V x1o − V x3o ) drives the I aH ,c . Similarly, the behavior of the I aL,c depends on the difference of the switched output voltages of VSC2 and VSC4 (V x2o −V x4o ). Using (8), (9), (10), and (11), the inductance offered to the circulating currents is given as
where the inductance matrix L is given as
C. Flux Density Analysis
The integrated inductor combines the functionalities of two CIs (CI H and CI L ) and the line filter inductor L f . Therefore, the flux in the magnetic core has distinct components corresponding to these inductances and it is analyzed in this sub section. 
1) Circulating Flux Component:
From (20), the value of the circulating current flowing through the coil x 1 is obtained as
and the circulating flux linkage can be obtained as [16] , [17] 
where φ xH,c is the circulating flux component in the high-side cell of the integrated inductor. The carrier signals of the VSC1 and VSC3 are interleaved by 180
• and the corresponding voltages for a particular switching cycle is shown in Fig. 7 . The VSCs are modulated using the space vector modulation [18] . Due to the change in the dwell time of the voltage vectors in each sampling interval, the peak value of the λ xH,c also obtains different value in each of the sampling intervals. The λ xH,c achieves the maximum value for the voltage space vector angle ψ = 90
• (and ψ = 270 • ), as shown in Fig. 8 and it is obtained as
where V dc is the dc-link voltage, f s is the switching frequency, and φ H,cmax is the maximum value of the circulating flux component. For the LSCG, the carrier signals of the VSC2 and the VSC4 are also interleaved by 180
• and the same analysis can be applied. The maximum value of the circulating flux component is also Nφ xL,c max = V dc /8f s .
From the reluctance model, it is evident that the flux in the yokes of the cell is equal to the resultant component of the circulating flux component φ y = φ xH,c = φ xL,c . Therefore, the maximum value of the flux density in the yokes is
2) Common Flux Component: The common current component of each of the VSCs can be decomposed into: 1) Fundamental frequency component. 2) Major harmonic components at the 4kf s , where k = 1, 2, .. ∞.
As the common flux component is proportional to the common current component, the common flux component is also composed of a fundamental frequency component and a ripple component. The fundamental component of the common flux component due to this current is
Normally the line filter inductance value is selected to limit the peak-to-peak value of the ripple component of the line current to the desired value. Let the ratio of the peak-to-peak value of the ripple component of the line current to the amplitude of the fundamental component of the line current be ε. For the space vector modulation, the ripple component attains its maximum value at the space vector angle of ψ = 0 • . For unity power factor applications, the fundamental component is also maximum for the ψ = 0
• . Therefore, the common flux component also attains its maximum value at the space vector angle of ψ = 0
• and it is given as
where I xmax is the amplitude of the rated current. The common component of the flux φ r completes its path through the bridge legs, air gaps and legs of the cells. Therefore, the maximum value of the flux density in the bridge is given as
3) Flux in the limbs of the cells:
The flux that flows through the limbs of the cells, around which the coils are placed, is
for the unity power factor applications (θ = 0), the common component of the flux is maximum for ψ = 0 • , whereas the circulating flux component φ xH,c is minimum at this voltage space vector angle. Similarly, the φ xH,c is maximum at ψ = 90
• and the common flux component is zero. Therefore, for the unity power factor applications 
IV. CIRCULATING CURRENT SUPPRESSION BETWEEN THE TWO CONVERTER GROUPS
The resultant output voltages of both the HSCG and LSCG are also phase-shifted with respect to each other and the circulating current flows between them due to these phaseshifted voltages. Additional CI (CI G ) is used to suppress this current.
The flux linkage in the CI G is given as
The pole voltages of the individual VSCs and their average voltage for both the HSCG and the LSCG are shown in Fig. 9 (a) and 9(b), respectively. The difference in the average voltages of both the converter groups and flux linkage of the CI G is shown in Fig. 9(c) . The flux linkage behavior over a fundamental period is also shown in Fig. 10 . As it is evident, the frequency of the flux reversal in the CI is 2 × f s and subjected to the half of the dc-link voltage. The maximum value of the flux density in the CI is given as
where N CIG and A cCI G are the number of turns in the coils and the cross section area of the CI, respectively.
V. DESIGN AND PERFORMANCE COMPARISON
The design details of the proposed inductor is discussed in this section. The size reduction achieved by a magnetic integration is demonstrated by comparing the volume of the proposed solution with the volume of the state-of-the-art solution.
A. Design
The integrated inductor and the CI G is designed using the design equations derived in section III and section IV for the converter system with four parallel VSCs. The system parameters are given in Table I . The integrated inductor and the CIG are designed to restrict the maximum value of the flux density to 0.7 T. Amorphous alloy 2605SA1 is used for the cells of integrated inductor and for the CI G core, whereas laminated steel with a lamination thickness of 0.35 mm is used for the bridge legs. The parameters of the designed integrated inductor and the CI G are given in Table II and Table III , respectively.
B. Volumetric comparison
The volume of the different active materials of the magnetic components of the proposed filter arrangement is compared with the volume of the state-of-the-art solution, shown in Fig.  2(b) . The line filter inductor in Fig. 2(b) is assumed made from the 0.35 mm laminated silicon steel. The amorphous alloys Fig. 2(b) ). The volume of the different materials in both the solutions are given in Table IV . The design of the CI G that is used to suppress the current between the HSCG and the LSCG is taken to be the same in both cases. In the state-of-art solution, the windings of the line filter inductor carries full line current and it is completely eliminated in the proposed solution. Therefore, the designer may choose to increase the number of turns in the coils of the integrated inductor to reduce the size of the amorphous alloy. In this comparison, the number of turns in the integrated inductor is taken to be 10% higher than the number of turns in the CI H and CI L in the state-of-the-art solution, as shown in Fig. 2(b) . This results in the 17.3% saving in the amorphous alloy and 12.4% reduction in copper. Furthermore, the volume of the laminated steel is reduced by 49% in the proposed solution.
VI. SIMULATION AND THE EXPERIMENTAL RESULTS
The simulation and the experimental results for the four parallel interleaved VSCs are presented in this section. The system parameters are specified in Table I .
A. Simulation Results
The time domain simulation has been carried out using PLECS and the simulated flux density waveforms in the various parts of the magnetic structure of the integrated inductor and the CI G are shown in Fig. 11 and Fig. 12 , respectively. Fig.  11(a) , shows the flux density waveform in the limb of the cell, which is a vector addition of the common flux component and the circulating flux component. The circulating flux is confined to the cell and therefore the flux in the yoke has a switching frequency component as a major harmonic component, which is shown in Fig. 11(b) . The common flux component flows out of the cell and completes its path through the air gaps and the bridge leg, as shown in Fig. 11(c) . Due to the magnetic integration, the common flux component of the cell of the HSCG completes its path through the limbs of the cell of the LSCG and vice-versa. As a result, a dedicated return path is avoided. This brings in a substantial reduction of the volume of the integrated inductor. The circulating current between the HSCG and the LSCG is suppressed using the CI G . The CI G is subjected to half of the dc-link voltage and the flux has a major harmonic component at the 2nd carrier harmonic component. The flux density in the CI G is shown in Fig. 12 , which demonstrates that the flux reversal takes place at twice the switching frequency.
The simulated circulating currents between the VSCs of the HSCG and the LSCG are shown in Fig. 13(a) and Fig. 13(b) , respectively. The integrated inductor offers high inductance to the circulating currents and suppresses them effectively. The additional CI G is also very effective in suppressing the circulating current between the HSCG and the LSCG, as shown in Fig. 13(c) .
The simulated currents of phase a are shown in Fig.  14 . The output current of the VSCs of the HSCG are only shown. However, the output current of the VSCs of the LSCG also demonstrates similar current waveform quality. The line current is shown in Fig. 14(d) . The peak-to-peak value of the ripple component of the line current is 5.4 A, which is as per the designed value.
B. Experimental Results
The experimental results were obtained for the system specified in Table I . All the VSCs were operated to inject the rated current and they were controlled using the TMS320F28346 floating-point digital signal processor. The output current of both the VSCs of the HSCG (VSC 1 and VSC 3 ) along with the circulating current (I aH,c ) are shown in Fig. 15(a) . The peakto-peak value of the I aH,c is 3.8 A, which is slightly higher than the simulated value. This is due to fact that the inherent air gap exists in the cell structure, which reduces the circulating current inductance compared to the simulations. The output current of the HSCG I aH and the LSCG I aL are shown in Fig. 15(b) . The circulating current between the HSCG and the LSCG is effectively suppressed by the CI G , as it evident from Fig. 15(b) . The integrated inductor also offers the desired line filter inductance to the line current and restricts peak-to-peak value of the ripple component in the line current to the desired value, as shown in Fig. 15(b) .
VII. CONCLUSION
An integrated inductor for parallel interleaved VSCs is proposed in this paper. The proposed inductor suppresses the circulating current between the parallel interleaved VSCs. In addition, it offers the desired inductance to the line current as well. The magnetic integration in the case of four parallel interleaved VSCs, connected in a whiffletree configuration is presented. The converters are divided into a high-side converter group and a low-side converter group. The fundamental component of the flux in the cell of the high side converter group is equal to the fundamental component of the flux in the cell of the low-side converter group. Because of the unique arrangement of the coils in the proposed inductor, the fundamental component of the flux of the high-side converter group completes its path through the limbs of the cells of the low-side converter group. Therefore, the need of the dedicated magnetic structure for the return path for the fundamental flux component is avoided. As a result, 22.4% reduction in the volume of the core materials and 12.4% reduction in the volume of the copper can be achieved. The operation of the proposed system has been discussed and the analysis is supported through the simulations and the experimental verification.
